
REMARKS

Claims 1-3, 7, 8, 14, 15, 17, 18, 20, 22-24, 34, 37, 43-45, 55, and 56 have been

amended herein. Claims 62 and 63 have been canceled herein. Claims 26-33, 38-40, 46-

53, and 59-61 were previously canceled.

The amendment to Claims 2, 3, 14, 15, and 44 (inserting the designations "skin"

tryptase and "lung" tryptase in place of p-I and P-II tryptase, respectively) enjoys verbatim

support in the specification at page 3, lines 1-4. As noted in the specification, these

designations are accepted in the relevant field as descriptions of different isoforms of

tryptases. The remaining changes to the claims are supported by the claims as originally

filed. No new matter is added.

Claims 1-25, 34-37, 41-45, and 54-58 and 62-63 remain pending in the application.

Favorable reconsideration is respectfully requested.

Allowable Subject Matter:

Applicants note with thanks the indication that Claims 7, 8, 17, 18, 43-45, 54-58,

62, and 63 contain allowable subject matter. Claims 7, 8, 17, 18, and 43 have been

amended from dependent claims to independent claims that include all of the limitations of

their respective base claims plus any intervening dependent claims. Applicants therefore

submit these independent claims, and the claims dependent thereon, are now in condition

for allowance.

Please note that Claims 17 and 18 as amended are identical in scope to Claims 62

and 63 as previously submitted. Thus, Claims 62 and 63 have been canceled from the

application.

Supplemental Election of Species Requirement:

Applicants note with thanks the Examiner's withdrawal of the supplemental

restriction requirement. —
-

= ^
_—
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Objections to Claims 7, 17, 34-37 and 56-58:

Claims 7, 17, 34, 37 and 56 have been amended per the Examiner's

recommendations. Applicants submit that this objection has now been overcome.

Withdrawal of the same is respectfully requested.

Rejection of Claims 1-6, 9-12, 20-25, and 34-36 Under 35 USC §112, Second

Paragraph:

This rejection is believed to have been overcome by appropriate amendment to the

claims, in accordance with the Examiner's recommendations.

Specifically, Claim 1 has been amended to recite the positions of the mutated amino

acid residues with respect to the polypeptide sequences shown in Fig. 1 (which corresponds

to SEQ. ID. NO: 52) as well as to the various mutations presented in the Sequence List at

SEQ. ID. NOS: 6, 9, 21, 23, 25, 27, 37, 39, 41, and 43.

Claims 2 and 3 have been amended to recite "skin tryptase" and "lung tryptase" in

place of "P-I tryptase" and "P-II tryptase," respectively. As suggested in the passage at

the top of page 3 of the specification as filed, the nomenclature of tryptases is undergoing

changes as the nature of the tryptase isoforms is further elucidated. At present, the older

terms "skin tryptase" and "lung tryptase" are still widely encountered in the literature.

However, these terms are generally being supplanted by the terms "a" and "P," and

various sub-isoforms falling under the "p" designation have been identified.

Despite the flux surrounding the nomenclature of tryptases, Applicants respectfully

submit that the ordinarily skilled practitioner is fully aware of what is meant by the terms

"skin tryptase" and "lung tryptase" on one hand, and "p-I typtase" and "p-II tryptase" on

the other. These designations are accepted terms of art. See, for example, Peng et al.

(2003) "The heterogeneity of mast cell tryptase from human lung and skin," Eur. J.

Biochem. 270:270-283, a copy of which is attached hereto and incorporated herein as

Exhibit A. As noted in the paper, there has been a vigorous scientific effort to elucidate

the heterogeneity of tryptases. A general proposition supported by Exhibit A is that there

is a recognizable distinction between tryptases isolated from skin tissues versus those
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isolated from lung tissues. Therefore, to clarify the scope of Claims 2 and 3, Applicants

have adopted in the present amendment the terminology "skin tryptase" and "lung tryptase"

in place of the designations "p-I typtase" and "P-II tryptase." Claims 14, 15, and 44 have

been amended in a similar fashion. See also the discussion at page 7, first full paragraph

of the specification (regarding the similarity between P-I and p-II tryptases).

Claim 20 has also been amended to clarify that the claim is directed to a method of

producing an inactive proteolytic tryptase through the mutation in the DNA encoding the

tryptase. Applicants note that the mutation (as recited in the base claim, Claim 1) falls

within the catalytically active site (i.e. , "the active site") of the corresponding enzyme.

The original wording of Claim 20 was meant to convey the point that the desired mutation

falls within the "active site, " thus rendering the resulting enzyme "inactive. " Applicants

however, recognize the incongruity of using the designation "active site" when referring to

a method of producing an "enzymatically inactive" protein. The amendment to both

Claims 1 and 20 are believed to rectify this situation.

(For sake of completeness, however, note that the term "active site mutant" is

explicitly defined in the specification at the bottom of page 1 1 . There it is noted that an

"active site" refers to a site that is required for enzymatic activity. Thus, Claim 20 is

directed to mutant having a change within an active site that thus renders the resulting

protein an inactive form of tryptase.)

In light of the various amendments to the claims, withdrawal of the rejections under

35 USC §112, second paragraph, are respectfully requested.

Rejection of Claims 1-6, 9-16, 19-25, 34-37, and 41-42 Under 35 USC §112, First

Paragraph (Written Description):

This rejection is believed to have been overcome, in part, by appropriate

amendment to the claims, and is, in part, respectfully traversed.

With respect to Claims 1-6, 9-12, 20-25 and 34-36 (all of which depend from Claim

1 or otherwise incorporate the subject matter of Claim 1), this rejection is believed to have

been overcome by appropriate amendment. Specifically, Claim 1 has been amended to
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provide a precise location of the relevant mutations within the ultimate protein expressed

by the construct. For example, within Claim 1, the relevant mutation locations are now

designated with reference both to Fig. 1 and to SEQ. ID. NOS: 6, 9, 21, 23, 25, 27, 37,

39, 41, and 43. Note that all of these sequences were included with the application as

filed. See Fig. 1 as originally filed and also the specification at page 6, first and second

full paragraphs.

Note that the amino residue numbering for the top amino acid sequence shown in

Fig. 1 (which corresponds to SEQ. ID. NO: 52) does not correspond to the mature amino

acid sequences shown in SEQ. ID. NOS: 6, 9, 21, 23, 25, 27, 37, 39, 41, and 43 because

the sequence shown in Fig. 1 includes the amino acid residues of the secretion signal, but

starts numbering the residues at the start of the mature peptide. In short, the residue

numbering shown in Fig. 1 starts with the "I" (isoleucine) designated by the triangle (T).

Thus, the "H" (histidine) that is residue 44 according to Fig. 1 corresponds to residue 48

of each of SEQ. ID. NOS: 6, 9, 21, 23, 25, 27, 37, 39, 41, and 43. The "D" (aspartic

acid) that is residue 91 according to Fig. 1, corresponds to residue 95 of each of SEQ. ID.

NOS: 6, 9, 21, 23, 25, 27, 37, 39, 41, and 43. The "S" (serine) that is residue 194

according to Fig. 1, corresponding to residue 198 of each of SEQ. ID. NOS: 6, 9, 21, 23,

25, 27, 37, 39, 41, and 43. (To make the concordance complete, please also note that the

full sequence shown in the top line of Fig. 1 is also presented as SEQ. ID. NO: 52; thus

residues 44, 91, and 194 of Fig. 1, are the same as residues 74, 121, and 224 of SEQ. ID.

NO: 52.) Regrettably, the situation is made slightly more convoluted because the Patentln

software renders amino acid sequences in 3 -letter code, while Fig. 1 is rendered in 1 -letter

for sake of brevity.

In terms of the written description requirement of §112, first paragraph, the genus

of expression constructs recited in Claim 1 is thus disclosed verbatim in the application as

filed, as evidenced by the sequences depicted in Fig. 1, and recited in the Sequence List,

most notably at SEQ. ID. NOS: 6, 9, 21, 23, 25, 27, 37, 39, 41, 43 and 52. See also the

list of suitable promoter/terminators at page 18, last paragraph of the specification. See

also Table 1 (starting at page 35 of the specification) which lists the various mutants that
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were actually fabricated, inserted into a construct as now claimed, cloned into a yeast host,

and the mutant tryptases encoded thereon expressed. Some of these tryptases were even

isolated and characterized. See the Examples, especially starting at page 40. Applicants

therefore submit that with respect to Claims 1-6, 9-12, and 34-36, this rejection has been

overcome.

With respect to Claims 13-16, 19, 37, 41, and 42 this rejection is respectfully

traversed. Specifically addressing Claims 13-16, 19, and 37, each element recited in

Claim 13 (the base claim) is clearly and concisely described in the specification to the level

required by the first paragraph of §112.

In support of this rejection, the Office states, at the top of page 7 of the Office

Action, that in the present circumstance "There is no structural feature which is

representative of all of the members of the genus of polynucleotides encoding any

active/inactive proteolytic tryptase. ..." Applicants respectfully submit that the Office is

reading limitations out of Claim 13. The construct recited in Claim 13 positively requires

a DNA sequence "encoding proteolytic tryptase having an active site mutation .

"

Emphasis added. The terms "active site mutant" and "active site" are explicitly defined in

the specification at the bottom of page 11. As noted there, the active sites of proteolytic

tryptases are amino acids 44, 91, and 194 as illustrated in the representative tryptase

illustrated in Fig. 1. Thus, Claim 13 does not encompass "all of the member of the genus

of polynucleotides encoding any active/inactive proteolytic tryptase." Claim 13 does,

however, encompass the genus of proteolytic tryptases having an active site mutation as

defined in the specification.

On this point, Applicants respectfully submit that the specification contains a rather

extensive written description of all aspects of the invention recited in Claim 13 and the

claims dependent thereon. Isolation of the native tryptase DNA is described at page 16;

incorporation of that DNA into an expression construct is described at page 17, line 25 of

the specification. Note that the starting plasmidrpPIC9, is commercially available from

Invitrogen (see page 18, line 10). The various promoter/terminators that can be used in

the invention are listed at page 18, last paragraph of the specification.
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Transformation of eukaryotic hosts is described starting at page 21 of the

specification. Converting p-I tryptase to P-II tryptase is described at page 23, line 20.

(For what it's worth, the inconsistency of tryptase nomenclature in the prior art is noted at

page 13, lines 7-8 of the specification.)

Most notably, however, are the Examples beginning at page 32 of the specification.

Table 1 at page 35 of the specification describes a host of actual mutants that were made

and which fall within the scope of Claim 13. These mutants were transformed in yeast

hosts and the resulting tryptase was isolated and several were extensively characterized.

See the discussion beginning at page 40 of the application as filed.

In short, the specification contains a great deal of written description both in the

general sense about how to fabricate constructs according to Claim 13, as well as explicit

working examples of how to make, express, and characterize the mutant proteins. Thus,

Applicants submit that the rejection of Claims 13-16, 19, and 37 as failing to comply with

the written description requirement of §112, first paragraph is untenable.

Claims 41 and 42 are drawn to constructs that drive the expression of "mature

proteolytic tryptases" having enzymatic activity. This portion of the rejection is traversed

because the phrase "mature proteolytic tryptase" is explicitly defined at the paragraph

spanning pages 12 and 13 of the specification. Thus, these claims do not encompass all

constructs that express any enzymatically active tryptase. The tryptase encoded by the

construct must be enzymatically active without any "post-expression or post-isolation

chemical processing." See the very last lines of page 12 of the specification. In short, the

constructs recited in Claims 41 and 42 encode tryptases that self-assemble into

enzymatically active tetrameric enzymes without any further intervention on the part of

human hands. Applicants respectfully submit that the passages from the specification cited

above clearly provide an ample written description of this class of polynucleotides.

Applicants therefore submit that as applied to Claims 13-16, 19, 37, 41, and 42,

this rejection is improper.Withdrawal of this portion of the rejection is respectfully

requested.
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Rejection of Claims 1-6, 9-16, 19-25, 34-37, and 41-42 Under 35 USC §112, First

Paragraph (Enablement):

Applicants submit that this rejection has been overcome, in large part, by the

amendments to the claims as discussed in the prior sections. Specifically, Claim 1 has

been amended to recite the positions of the relevant locations for the mutation with

reference to both Fig. 1 and the Sequence List.

In the same fashion as in the written description rejection, the Office states, at page

9 of the Office Action, that the claims require a polynucleotide encoding "any" active or

inactive trypatse. This simply is not the case. The construct recited in Claim 13 positively

requires a DNA sequence "encoding proteolytic tryptase having an active site mutation ."

The terms "active site mutant" and "active site" are explicitly defined in the specification

at the bottom of page 11. As noted there, the active sites of proteolytic tryptases are

amino acids 44, 91, and 194 as illustrated in the representative tryptase illustrated in Fig.

1. Thus, Claim 13 does not encompass "all of the member of the genus of polynucleotides

encoding any active/inactive proteolytic tryptase." Claim 13 does, however, encompass

the genus of proteolytic tryptases having an active site mutation as defined in the

specification.

The specification contains an extensive and clearly enabling description of all

aspects of the invention recited in Claim 13 and the claims dependent thereon, including:

isolating the native DNA (p. 16);

incorporating the DNA into a suitable expression construct (pp. 17-18);

transformating the construct into a eukaryotic host cell (p. 21);

producing active site mutants of the native tryptase DNA (p. 30)

a host of working Examples (starting at p. 32)

Examples showing isolation of the mutant tryptase (p. 40)

Examples showing characterization of the isolated mutant tryptase (p. 42)

— enzyme assays comparing the kinetics and inhibition of the mutant tryptase (pp. 44-

45); and
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enzyme assays revealing the ability of the mutant tryptases to cleave fibrinogen (p.

45).

Most notably, of course, are the Examples beginning at page 32 of the

specification. Table 1 at page 35 of the specification describes a host of actual mutants

that were made and which fall within the scope of Claim 13. These mutants were

transformed in yeast hosts and the resulting tryptase was isolated and several were

extensively characterized. See the discussion beginning at page 40 of the application as

filed.

In short, the enablement requirement of §112 requires only that Applicants describe

how to make and use the invention commensurate in scope with the claim language.

Applicants submit that this has been done by describing a general approach for making

active site mutants of various tryptases and exemplifying several working versions of the

mutatns. For these above reasons, Applicants submit that this rejection under §112, first

paragraph (enablement) is improper. Withdrawal of the rejection is respectfully requested.

CONCLUSION

In light of the above amendments and accompanying remarks, Applicants submit

that the application is now in condition for allowance. Early notification of such action is

earnestly solicited.

The Commissioner is hereby authorized to charge any additional fees or credit any

overpayment to Deposit Account No. 18-2055.
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Respectfully submitted,

JosdphT. Leone, Reg. No. 37,170

DjbwlTT ROSS & STEVENS S.C.

8000 Excelsior Drive, Suite 401

Madison, Wisconsin 53717-1914

Telephone: (608) 831-2100

Facsimile: (608) 831-2106
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Summary

There has long been conjecture over the degree to which there may be

structural and functional heterogeneity in the tetrameric serine protease

tryptase (EC 3.4.21.59), a major mediator of allergic inflammation. We have

applied 2D gel electrophoresis to analyze the extent, nature, and variability of

this heterogeneity in lysates of mast cells isolated from lung and skin, and in

preparations of purified tryptase. Gels were silver stained, or the proteins transferred to nitrocellulose

blots and probed with either tryptase-specific monoclonal antibodies or various lectins. Tryptase was the

major protein constituent in mast cell lysates, and presented as an array of 9-12 diffuse immunoreactive

spots with molecular masses ranging from 29 to 40 kDa, and pi values from 5. 1 to 6.3. Although the

patterns obtained for lung and skin tryptase were broadly similar, differences were observed between

tissues and between individual donors. Lectin binding studies indicated the presence of mono-antennary

or bi-antennary complex-type oligosaccharide with varying degrees of sialylation. Deglycosylation with

protein-AT-glycosidase F (PNGase F) reduced the size of both lung and skin tryptase, while incubation

with PNGase F or neuraminidase narrowedthe pi range, indicating variable degrees of glycosylation as

a major contributor to the size and charge heterogeneity. Comparison of different purified preparations

of lung and skin tryptase revealed no significant difference in pH profiles, but differences were seen in

reactivity towards a range of chromogenic substrates, with substantial differences in Km,
k
CdX

and degree

of cooperativity. Mathematical modeling indicated that the variety in kinetics parameters could not result

solely from the sum of varying amounts of isoforms obeying Michaelis-Menten kinetic^nj^itf^^^^^^

http://www. ej biochem .org/cgi/content/full/270/2/270
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different values ofKm and £
cat

. The heterogeneity demonstrated for tryptase in these studies suggests

that there are important differences in tryptase function in different tissues.

Keywords: mast cell; tryptase; glycosylation; lectin; 2D gel electrophoresis.

Abbreviations: Con A, concanavalin A; DFP, diisopropyl fluorophosphate; FBS, fetal bovine serum; <Glu-, 1-pyroglutamyl-

; MAA, Maackia amurensis agglutinin; MEM, minimal essential medium; MeOCO-, A/^-methoxycarbonyl-; MUGB, 4-

methyiumbelliferyl-/7-guanidinobenzoate; PHA-L, phytohemagglutinin-L; Pip-, pipecolyl-; PNGase F, protein-Af-glycosidase

F; SNA, Sambucus nigra agglutinin; SNP, single nucleotide polymorphism; Sue-, A/^-succinyl-; WGA, wheat germ

agglutinin

Introduction

Tryptase (EC 3.4.21.59) is a serine protease of mast cell origin with trypsin-

like substrate specificity [hi]. Upon activation of these cells with allergen or

other stimuli, it is released along with other potent mediators of inflammation

including other neutral proteases, histamine, proteoglycans, eicosanoids and

cytokines. Its actions on peptides [3.4]. proteins [5.6]. cells [7-11] and tissues

[ 12.13 ] are consistent with a pro-inflammatory role in allergic disease, and inhibitors of tryptase have

proved efficacious in animal and human models of asthma [ 14.15 ].

Although tryptase is generally referred to as a single enzyme, heterogeneity has been observed at both

the structural [16-20] and functional [21.22] level of the protein. Unusually for a serine protease,

tryptase exists as a tetramer of approximately 130 kDa [23]. The earliest reports on this enzyme

indicated microheterogeneity of the subunits, with molecular masses ranging from 31 to 38 kDa on

SDS/PAGE gels, sometimes as a broad, diffuse band, sometimes as discrete bands. Both high and low

molecular mass forms have been found to possess an enzymatically active site capable ofbeing labeled

by [

3
H]diisopropyl fluorophosphate ([

3H]DFP) [17], while Western blotting with various antibodies has

demonstrated extensive antigenic similarities [ 19.24]. Treatment with protein-iV-glycosidase F (PNGase

F) reduced the apparent molecular mass of the subunits in tryptase purified from pituitary [18] and from

skin [20], but not from lung [ 16.18 ]. Differences in reactivity towards synthetic peptide substrates and

inhibitors have been reported between tryptase purified from lung and that purified from skin [21]

(although a subsequent comparison has failed to confirm such differences [25]). Functional differences

were also noticed between two isoforms of lung tryptase which cleaved high molecular weight

kininogen and vasoactive intestinal peptide at different sites and at different rates [22].

Initially, four different cDNA sequences were identified, ct- and P-tryptase from a human lung mast cell

• library [26.27] and tryptases I. II and 1H, from a skin library [28]. Tryptase II and P-tryptase were found

to be identical and to share 98% identity with tryptases I and III, but only 90% with cr-tryptase.

Consequently, tryptases I, n, and HI have been considered together as the P-tryptases but distinguished

as Pi, Pn, and Pin. Subsequent genomic sequencing has identified additional tryptase-like genes which

have been designated 7-, and c-tryptases [29-32], but these do not appear to be secreted by mast cells:

7-tryptase (also known as /raws-membrane tryptase) is membrane-bound [30.31 ], ^-tryptase (also known
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as mMCP-7-like protease) appears to be a pseudogene [30.33,34]. and c-tryptase is a product of fetal

lung epithelial cells [32]. In contrast, most preparations of tissue mast cells contain ample mRNA
encoding both a- and P-tryptases [35]. a-Tryptase appears to be released constitutively from mast cells

as the pro-form while the P-tryptases are stored and subsequently released in the mature form on

anaphylactic degranulation [36,37], Data accruing from the Human Genome Project indicate that the

four secreted mast cell tryptases, a, $1, Pn, and Pin, are confined to two genetic loci with a and Pi

competing allelically at one locus and Pn and Pm competing allelically at the other [
30.34].

All four deduced amino acid sequences predict a polypeptide chain of approximately 27.5 kDa, so the

experimentally observed subunit molecular masses of 30-38 kDa are indicative of extensive post-

translational modification. Consistent with these observations is the presence oftwo consensus N-

glycosylation sites in a- and Pl-tryptase, and one such site in PlI- and Pm-tryptase [27.28]. Interestingly,

a single nucleotide polymorphism (SNP) has been reported for Pll-tryptase which would result in two

glycosylation sites in a significant proportion of the population [38]. The application of2D gel

electrophoresis and subsequent Western blotting to lysates of purified skin mast cells revealed multiple

forms of tiyptase with major differences in size and charge, together with evidence for variable

glycosylation [20]. However, this sensitive analytical procedure has not been employed to characterize

tryptase from the lung or other sources, or to compare tryptase from different tissues or donors.

The importance of tryptase as a major mediator of allergic disease, and its potential value as a target for

therapeutic intervention call for a more detailed understanding of the forms of tryptase in human tissues.

In the present studies we have applied 2D gel electrophoresis with Western blotting to examine the size

and charge heterogeneity of tryptase from lysates of purified lung and skin mast cells and have

employed lectin binding studies to investigate the nature of glycosylation. In addition, we have purified

tryptase from both lung and skin tissues, and have compared the kinetics of cleavage of a range of

chromogenic substrates.

Materials and methods

Isolation of lung mast cells

Human lung mast cells were isolated as described previously [39]. Briefly,

cells from macroscopically normal human lung tissue (obtained through

surgical resection for lung cancer) were dispersed using collagenase (type 1A,

1.0 mg-mL" 1

), hyaluronidase (type 1, 0.75 mg-ml/ 1

), protease (type A, 0.5

mg-mL" 1

), bovine serum albumin (BSA, 25 mg-mL' 1

) and penicillin/streptomycin solution (25 nL-mL' 1

;

all from Sigma, Poole, UK) at 37 °C for 75 min with agitation, suspended in MEM/FBS (minimal

=- - essential medium/fetal bovine serum; Gibco BRL, Paisley, UK), and centrifuged on 65% isotonic

Percoll (Sigma) at 750 g for 20 min at 4 °C to remove erythrocytes. Cells were harvested above the

erythrocyte pellet, and further purified using affinity magnetic selection with an antibody (YB5.B8)

specific for a mast cell-specific surface marker (c-kit) coupled to Dynabeads (Dynal). Kimura staining

indicated that the purity of mast cells thus obtained ranged from 65% to 95% of all nucleated cells.
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Isolation of skin mast cells

Mast cells were isolated as described previously from infant foreskin tissue obtained at circumcision of

children [39,40]. Cells were dispersed enzymatically in MEM/FBS and mast cells were purified by

density sedimentation through a discontinuous gradient of 60, 70 and 80% isotonic Percoll (density

1.076-1.100 g-mL" 1

) at 500 g for 20 min at 4 °C. Cells were pooled from the bottom of the gradient and

the 70-80% interface. These suspensions consisted of 70-98% mast cells.

Enzyme purification

Tryptase was purified from high salt extracts of homogenized human lung tissue (obtained post mortem),

or skin tissue (removed from amputated limbs) using cetylpyridinium chloride precipitation, heparin-

agarose affinity chromatography, and gel filtration as described previously [41]. Tryptase activity was

monitored during purification by the hydrolysis ofAf*-benzoyl-dl-Arg-4-nitroanilide (Bz-Arg-NH-Np)

[19]. Some preparations of lung tryptase were purified using immunoaffinity chromatography as

described previously [12], The concentration of the purified tryptase was determined by active site

titration with 4-methylumbelliferyl-/?-guanidinobenzoate (MUGB) in a Hitachi F-2000 fluorescence

spectrophotometer (excitation A = 365 nm, emission A = 445 nm, 10 nm band width), and expressed as

moles of active site [17].

ID and 2D gel electrophoresis

SDS/PAGE (ID) was performed on 10% polyacrylamide slab gels on a mini-Protean II Cell (Bio-Rad,

Hemel Hempstead). Procedures for 2D gel electrophoresis on this apparatus were modified from the

method reported previously [20.42 ]. Isoelectric focusing gels were prepared in glass tubes from a

degassed solution of 8.5 m urea, 4% (w/v) acrylamide/bisacrylamide (Bio-Rad), 2% (v/v) Chaps

detergent, 3.2% (w/v) Biolyte 5/7, 0.8% (w/v) Biolyte 3/7 (both ampholines from Bio-Rad). Mast cell

preparations which had been sonicated for 5 min or purified tryptase were incubated in urea sample

buffer [9 m urea, 4% (w/v) Biolyte 3/10, 2% (v/v) Chaps, 6.5 mm dithiothreitol, pH 3.5] for 45 min at

20 °C, and clarified by centrifiigation at 42 000 g for 60 min at 20 °C, before loading onto gels. The

anolyte solution was 20 mm 1-glutamic acid, and 50 mm 1-arginine was the catholyte solution.

Electrophoresis was conducted at a constant voltage of 500 V for 10 min and then at 750 V for 3.5 h.

The pH gradient established in the gel was measured using a surface pH electrode (Unicam) placed at 5

mm intervals along the length of the gels. The gels were extruded from the tubes into an equilibration

buffer [62.5 mm Tris/HCl, 10% (v/v) glycerol, 3 mm dithiothreitol, 2.3% (w/v) SDS, pH 6.8] and

incubated for 10 min at 20 °C. The gels were placed on 10% (w/v) polyacrylamide slab gels, and

electrophoresis in the second dimension was performed at a constant voltage of 175-200 V for

min. Molecular mass standards employed were hen egg white lysozyme (14.4 kDa), soybean trypsin

inhibitor (21.5 kDa), bovine carbonic anhydrase (31 kDa), hen egg white ovalbumin (45 kDa), bovine

serum albumin (66 kDa), rabbit muscle phosphorylase b (97.4 kDa; all from Bio-Rad). Gels were stained

^ — with silver stain (Bio-Rad) or were subjected to blotting. - —— ~ J

Western blotting

Western blotting was carried out in a wet transfer system and after blocking with 1 .0% (w/v) skimmed

milk power or 2% (w/v) BSA in Tris-buffered saline (TBS; 500 mm NaCl, 20 mm Tris/HCl, pH 7.5) for

1 h, blots were probed with the antitryptase monoclonal antibody AA5 (produced as previously
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described [19]) and followed by treatment with biotinylated rabbit anti-mouse IgG (Dako, High

Wycombe, UK) and avidin-biotin peroxidase complex (Dako). Color was developed with

diaminobenzidine and hydrogen peroxide.

Lectin binding studies

Following the standard blotting procedure, filters were heated and blocked at 56 °C for 30 min in 100

mL TBS containing 2% (w/v) BSA, then 0.2 mL Tween 20 was added and incubation continued for 1 h.

Horseradish peroxidase-conjugated lectins concanavalin A (Con A), wheat germ agglutinin (WGA), and

phytohemagglutinin-L (PHA-L; all from Sigma), were incubated with the filters for 45 min at a

concentration of 5 jig-mi/
1

, and the blots washed and incubated with diaminobenzidine and hydrogen

peroxide. A combination of the biotinylated lectins Sambucus nigra agglutinin (SNA; 10 ng-mL"
1

) and

Maackia amurensis agglutinin (MAA; 10 (ag-mL'
1

; both from Boehringer Mannheim) was incubated

with filter for 45 min, followed by incubation with avidin-biotin peroxidase complex and color

development allowed to proceed with diaminobenzidine.

Deglycosylation

Oligosaccharides were removed from unseparated mast cell proteins by treatment with PNGase F or

neuraminidase (both from Boehringer Mannheim) as previously described [20]. Briefly, mast cell

preparations (approximately 10
6
cells) were heated at 95 °C for 5 min in 100 3 mm EDTA, 0.2%

(w/v) SDS and 2 mm phenylmethanesulfonyl fluoride, 10 mm Tris/HCl, pH 7.0. Samples were cooled

and divided into two 50 \iL aliquots. To one was added 6 U PNGase F or 0.3 U neuraminidase in 60 \xL

digestion buffer (3 mm dithiothreitol, 2% Chaps, 2 mm phenylmethanesulfonyl fluoride, 100 ^g-mL' 1

hen trypsin inhibitor (type HI; Sigma) 5 mm EDTA, 10 mm Tris/HCl, pH 8.5), and to the other was

added 60 digestion buffer alone. Samples were incubated for 8 h at 37 °C, after which proteins were

precipitated with 1 mL of 10% (v/v) trichloroacetic acid, washed with 1% (v/v) trichloroacetic acid,

redissolved in Tris/HCl, heated at 95 °C for 5 min, and analyzed on ID or 2D electrophoresis gels.

Substrate profile

The chromogenic substrates MeOCO-Nle-Gly-Arg-NH-Np, tosyl-Gly-Pro-Arg-NH-Np and tosyl-Gly-

Pro-Lys-NH-Np were purchased from Boehringer; <Glu-Gly-Arg-NH-Np, <Glu-Pro-Arg-NH-Np, Z-d-

Arg-Gly-Arg-NH-Np, d-Phe-Pip-Arg-NH-Np, d-Val-Leu-Arg-NH-Np, d-Pro-Phe-Arg-NH-Np and

MeO-Suc-Arg-Pro-Tyr-NH-Np from Chromogenix (Sweden); Bz-Arg-NH-Np and Suc-Ala-Ala-Pro-

Phe-NH-Np from Sigma . Substrates were dissolved in dimethyl sulfoxide to 88.8 mm, and diluted in

assay buffer (1.0 mg-ml/
1 BSA, 1.0 m glycerol, 0.10 m Tris/HCl, pH 8.0) to 0.555 mm. As 90 juL of

assay mixture was added to 10 \iL sample, the final substrate concentration was 0.50 mm. Samples of

tryptase for assay were adjusted to 1.0 m NaCl, 0.10 mm Tris/HCl (pH 8.0), to produce an ionic strength

of approximately 0.15 m in the final reaction mixture. Assays were conducted in triplicate in microtiter

plates at room temperature [43]. ^ ^ • - —
Enzyme kinetics

Assays were conducted as for the substrate profile except that the substrate concentration was varied

from 0.025 mm to 4.0 mm and the concentration of dimethylsulfoxide was kept constant at 4.5% (v/v).

Assignment to kinetic type was based on plots ofv vs. [S] and [S]/v vs. [S] (Hanes' plot), and on
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comparison of different mathematical models to obtain the best fit. Kinetic constants for combinations of

enzyme and substrate that displayed Michaelis-Menten kinetics, positive cooperativity, or negative

cooperativity were determined by a direct fit of nontransformed data to either the Michaelis-Menten

equation or the Hill equation using the curve-fit function of fig.p software (version 2.7), while for those

that followed simple substrate inhibition, the constants were determined by a binomial curve fit to the

Hanes' plot.

Mathematical modeling

Modeling was carried out on a spreadsheet (quattro pro). Values of v and [S]/v were calculated for 100

different values of [S] for each combination of input parameters ofKm ,
k
caX

and enzyme concentration.

The values for the concentration of each isoform were adjusted so that the total amount of enzyme was

the same for each scenario. Residuals from curve fits were calculated with the spss statistical package.

pH profile

The activity of purified tryptases from lung and skin was determined with 0.5 mm <Glu-Pro-Arg-NH-

Np in buffers formulated to maintain a constant ionic strength (I = 0.15) [44]. These contained either 50

mm acetic acid, 50 mm Aces, 100 mm Tris, 50 mm NaCl (pH 4.0-6.5) or 100 mm Aces, 52 mm Tris, 52

mm 2-amino-2-methyIpropanol, 50 mm NaCl (pH 6.0-10.5). Each reaction mixture also contained 0.9

mg-mL" 1 BSA and 0.6% (v/v) dimethylsulfoxide. Tryptase samples were formulated in 0. 12 m NaCl, 50

mm Tris/HCl, pH 7.6 with or without the addition of heparin. Assays were conducted in triplicate in

microtiter plates at 20 °C [43].

Results

Lung mast cell tryptase

Two-dimensional gel electrophoresis of lung mast cell lysates revealed

numerous silver-stained proteins ranging in molecular mass from

approximately 16-120 kDa within the selected pH range of 5.0-6.7 (Fig. 1

A

EtI). The patterns obtained with 10 different preparations of lung tissues were

of broadly similar appearance. There was a series of intensely stained bands with pi of 5.1-6.3 and

molecular masses of 30-37 kDa, which were identified as tryptase by Western blotting with monoclonal

antibody AA5 (Fig. IB®).

Fig. 1. Two-dimensional gel electrophoresis of lysates of

purified lung mast cells.(A) Silver stained 2D gel of sample

LMC7. (B) Western blot of same sample probed with the anti-

tryptase Ig AA5. (C-E) Western blots of preparations from other

donors (LMC1, 8 and 10), and (F) a preparation of purified lung

tryptase (LT1), all probed with AA5.
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View larger version (73K):

[in this window]

[in a new window]

Some 9-12 diffuse bands of lung tryptase were detected and the most dense fell within the pH range

5.6-5.9, and had molecular masses of 30-35 kDa. The molecular mass of the diffuse bands increased

with declining pi from 6.2 to 5.1. The greatest range of molecular mass was found for forms of tryptase

with isoelectric points between 5.1 and 5.6. The staining pattern obtained for tryptase was very

consistent when the same preparation of mast cell lysate was analyzed on different occasions (not

illustrated). However, there were differences in the range of both molecular mass and isoelectric point of

tryptase from different lysates. The greatest variability between samples was found within the pi range

of 5.1 and 5.6. In some lysates of purified lung mast cells, tryptase bands were absent within the

molecular mass range of 30-37 kDa and the pi range of 5. 1-5.6 (Fig. IBs). The size and charge range

calculated for these bands is shown for lysates of 10 different lung mast cell preparations examined

(Table in).

View this table: Table 1. Mean lower and upper values for molecular weight (kDa) for

[in this window] isoelectric point determined for immunoreactive tryptase monomers,
[in a new window] dimers, trimers, tetramers and degradation products in Western blots of

the lysates of purified lung or skin mast cells and of preparations of

tryptase purified from lung or skin tissues. The SEMs are indicated in

parenthesis below the mean value.

In four out of the 10 lung mast cell lysates prepared, there were bands with molecular mass of some 12-

25 kDa which reacted with AA5 (Fig. 1B-D®; Table Is). These may represent degradation products of

tryptase. Additional bands of 62-76, 88-98 and 120-135 kDa which might represent dimers, trimers and

tetramers of tryptase were observed in five of the 10 preparations. Monomelic tryptase was the major

form present, and was represented by bands which were much larger and more intense than those for

dimeric tryptase. There was in all cases a corresponding reduction in band size and staining intensity

with increasing degree of oligomerization, so that in some cases the multimeric forms were difficult to

discern.
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Purified preparations of lung tryptase exhibited bands corresponding to the dominant monomelic

tryptase bands seen in mast cell lysates, except that they appeared to be less diffuse. Purified tryptase

had a similar range of molecular masses and pi values as did the mast cell lysates, which suggests that

the purified tryptase was representative of the unfractionated tryptase within intact mast cells (Fig. 1FEI;

Table IB). This was a consistent finding with purified lung tryptase, whether isolated by heparin agarose

and gel filtration (n = 4) or by heparin agarose and immunoaffinity chromatography (w = 1). The

degradation products observed in certain of the lung mast cell lysates were not detected in any of the five

purified lung tryptase preparations, although the multimeric forms were observed.

Skin mast cell tryptase

Lysates of purified skin mast cells analyzed by 2D gel electrophoresis with silver staining showed a

pattern of bands reminiscent of that for lung mast cells over a similar range of pi and molecular mass.

Tryptase monomers identified in the blots of the skin mast cell lysates exhibited a wider range of

molecular mass than lung mast cell lysates (Fig. 2l*i; Table lffi). Although the lowest molecular mass

forms of the tryptase monomers were of similar size in both tissues, the highest molecular mass forms

were of greater size in skin mast cell lysates than the lung lysates (P < 0.01, Mann-Whitney £/-test) and

there was a mean difference of 3 kDa in size between two tissues. Dense bands in the acidic region of

gels (pH 5.1-5.6) were more common in skin samples than in lung samples. Dimers, trimers and

tetramers were also observed. Degradation products were seen more frequently in lysates of purified

skin mast cells (eight out of 12) compared with lung mast cells (four out of 10). Tryptase patterns in the

lysates were similar to those observed in purified preparations of skin tryptase including the presence of

breakdown products.

I*
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Fig. 2. Two-dimensional gel electrophoresis of lysates of

purified skin mast cells. Western blots probed with anti-

tryptase Ig AA5 for (A-C) mast cells purified from skin tissue

(SMC1, 6 and 10), and (D) a preparation of purified skin

tryptase (ST2).

View larger version (54K):

[in this window]
[in a new window]

Identification of glycoproteins = — ~ — ^
The lectins SNA and MAA, which bind specifically to sialic acids, bound strongly to tryptase bands

identified in blots of lysates of both lung (Fig. 3BJS) and skin mast cells (results not shown), providing

evidence that tryptase is sialylated. In addition, there were certain proteins other than tryptase which

were also stained positively with SNA/MAA, which had a molecular mass of 60-70 kDa and appeared

to be present in greater amounts in the skin lysates than in lung lysates. Con A, a lectin which binds to
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mannose of asparagine-linked oligosaccharides [45,46]. also bound to tryptase from both lung (Fig. 3C

EH) and skin lysates (results not shown). WGA, a lectin which binds specifically to iV-acetylglucosamine

and to a certain extent to sialic acids as well [47.48], also bound to tryptase (Fig. 3DH). All tryptase

bands recognized by AA5 antibody bound to each of the lectins. There seemed to be stronger

SNA/MAA-binding, but weaker WGA-binding, to skin than to lung tryptase, though a similar difference

was not observed in the intensity of staining with AA5 antibody. The lectin PHA-L, a lectin which is

selective for complex-type structures which are at least triantennate [49.50]. did not bind to any of the

separated lung or skin mast cell preparations, so the complex-type carbohydrate in tryptase is more

likely to be mono-antennate or bi-antennate.
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View larger version (70K):
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Fig. 3. Lectin binding to lung mast cell tryptase. Matching

blots of a lysate of lung mast cells (sample LMC2) subjected

to 2D gel electrophoresis were probed with (A) tryptase-

specific antibody AA5 (B) lectins SNA and MAA (C) Con A
and (D) WGA.

Deglycosylation of tryptase

Incubation of lung or skin mast cell lysates with PNGase F to remove asparagine-linked carbohydrates

resulted in a reduction in the molecular mass of tryptase on blots and a sharpening of the bands (Fig. 4

®). There was a greater reduction in the molecular mass of skin tryptase (from 29-38 to 26-29 kDa for

the monomers) than for lung tryptase (30-34 to 26-30 kDa). The molecular mass of purified lung

tryptase was also reduced following treatment with PNGase F (Fig. 51*1), though to a lesser extent (from

30-36 to 30-33 kDa on blots probed with AA5) than with tryptase in the lung mast cell lysates. Lectin

binding studies with SNA/MAA indicated that carbohydrate chains (and sialic acid residues) had to a

large extent been removed by treatment with PNGase F.

Fig. 4. Effect of PNGase F on tryptase molecular mass.

Lysates of purified mast cells from lung or skin were

incubated in the absence (-) or presence (+) ofPNGase Fr
Samples were analyzed by SDS/PAGE and Western blotting

with antibody AA5.
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Fig. 5. The effect of deglycosylation on the size, charge and lectin-

binding properties of tryptase, as revealed by 2D gel electrophoresis.

Blots of purified lung tryptase, which had been incubated in the absence

(A) or presence (B) ofPNGase F, were probed with AA5 antibody.

View larger version

(50K):

[in this window]

[in a new window]

In the 2D gel analysis, Western blots of tryptase incubated with PNGase F under denaturing conditions

indicated that the reduction in molecular size affected bands of different charge differently (Fig. 5fD).

Overall the molecular size of monomelic lung tryptase was reduced from 30-38 to 27-34 kDa. The

greatest reduction in size was observed for tryptase forms in the pH range 5.2-5.6, while the dominant

dense bands with pi of 5.6-5.9 showed only a marginal reduction in molecular weight. PNGase F

treatment was also associated with a narrowing in the range of pi values from 5.2-6.2 to 5.4-6.0. Where

present, the size of multimeric forms oftryptase was also reduced, with the greatest reductions again in

the bands in the acidic range. Incubation of tryptase with PNGase F markedly reduced the ability of the

lectins SNA7MAA to bind to blots, which indicates that most sialic acid residues had been removed with

the N-linked carbohydrates (results not shown).

Treatment of tryptase with neuraminidase resulted in a reduction in molecular mass from 28-43 to 26-

38 kDa (Fig. 6i±3). Neuraminidase also induced a narrowing in the pi range from 5.2-6.3 to 5.5-6.1, and
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fewer distinct bands were observed in the pH 5.6-6.1 region.

m
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View larger version

(57K):
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Fig. 6. The effect of desialylation on the size, charge and lectin-

binding properties of tryptase, as revealed by 2D gel electrophoresis.

Blots of purified lung tryptase, which had been incubated in the absence

(A) or presence (B) of neuraminidase, were probed with AA5 antibody.

Substrate profile

The action of four separate isolates of tryptase (LI and L2 from lung and SI and S2 from skin) was

tested on a range of substrates, each at 0.50 mm, and compared with the standard assay with the

substrate Bz-Arg-NH-Np (Table 2S3). There were differences in activity between tryptase preparations,

but the differences between the two skin isolates were greater than those between lung and skin. This

can be seen particularly with Z-d-Arg-Gly-Arg-NH-Np: the molar catalytic activity ofLI was less than a

third of that ofL2 while the activities of L2, SI, and S2 were all much the same. Although the values for

molar catalytic activity differed between isolates, the relative order of substrate preference was virtually

the same for all four preparations. Comparison oftosyl-Gly-Pro-Arg-NH-Np with tosyl-Gly-Pro-Lys-

NH-Np revealed a preference of an approximately 1 .5-fold for arginine over lysine at the PI position,

while comparison of <G1u-Pro-Arg-NH-Np with <Glu-Gly-Arg-NH-Np indicated a strong preference

(approximately eightfold) for proline over glycine at position P2. Indeed, all four tryptase isolates

favored substrates with proline at P2 over all other substrates tested, while the substrate with the 6-

membered-ring analog of proline, pipecolic acid, at P2 ranked next.

View this table: Table 2. Activity of different purified preparations of tryptase against a

[in this window] range of substrates. All substrates were at a concentration of 0.50 mm,
[in a new window] except for the Bz-Arg-NH-Np standard, which was at 0.9 mm.

Kinetics

Efforts to determine the kinetic constants of the different isolates of tryptase for each of the substrates

produced a range ofbehavior including standard Michaelis-Menten kinetics (Fig. 7A,ES), substrate

inhibition (Fig. 7B,Fa), positive cooperativity (Fig. 7C,Gf3), and negative cooperativity (Fig. 7D,HH).
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The results are summarized in Table 3IS. Discrepancies between the data and the standard Michaelis-

Menten model were not as obvious on v vs. [S] plots (Fig. 7C,D®) as they were on the Hanes' plot (Fig.

7G,HS) or in plots of the residuals (results not shown). Identification of the type of kinetics for a

particular combination of enzyme and substrate was based on the shape of the Hanes* plot (linear for

Michaelis-Menten kinetics, concave upwards for substrate inhibition and positive cooperativity, and

concave downwards for negative cooperativity) and the best fit to alternative mathematical models. The

decision could be subjective in a few cases; for example, although S2 gave a reasonable fit to the

substrate inhibition model with Z-d-Axg-Gly-Arg-NH-Np, the estimated value ofK was much higher

than the range of [S] used, so that for practical purposes, the enzyme was deemed to obey Michaelis-

Menten kinetics. Also, although Hill coefficients greater than 1.2 were usually accompanied by clear

sigmoidal behavior at low substrate concentrations, at other times were not, e.g. with all tryptase isolates

in the presence of Z-d-Arg-Gly-Arg-NH-Np. In these cases it appeared the computational algorithm was

driven by the flattening or decrease of activity at high substrate concentration rather than by any

sigmoidal behavior at low substrate concentration.

Fig, 7. Variety of kinetic patterns observed with tryptase.

Results are plotted as rate of reaction (v) vs. substrate

concentration ([S]) (A-D) and as [S]/v vs. [S] (the Hanes plot)

(E-H). Examples of kinetic types are Michaelis-Menten

kinetics (A,E) obtained with <Glu-Pro-Arg-NH-Np and

tryptase SI, substrate inhibition (B,F) obtained with Z-d-Arg-

Gly-Arg-NH-Np and tryptase SI, positive cooperativity (C
View larger version (1 5K): md G) obtained with MeOCO-Nle-Gly-Arg-NH-Np and

[in this window] tryptase SI, and negative cooperativity (D,H) obtained with d-

[manew window] Pro-Phe-Arg-NH-Np and tryptase LI . Solid curves are those

fit to the corresponding mathematical model. Dotted curves

(C,D) are those fit to the Michaelis-Menten equation with the

same data.

View this table: Table 3. Kinetic constants for combinations of enzyme and substrate

[in this window] tested.

[in a new window]

The behavior differed from substrate to substrate and from isolate to isolate (Table 3S). For example,

although consistent K
0 5

-values were obtained for the four tryptase preparations with tosyl-Gly-Pro-Lys-

NH-Np and d-Phe-Pip-Arg-NH-Np, there was a 16-fold difference in Km values for Bz-Arg-NH-Np

- between isolates LI and SI. Different kinetics between isolates towards the same substrate were

obtained for d-Val-Leu-Arg-NH-Np, Bz-Arg-NH-Np, and d-Pro-Phe-Arg-NH-Np. The disparity in

activity between isolates from the same tissue was often greater than that between tissues.

Mathematical modeling

The possibility that the variety of kinetic patterns observed was the consequence of a heterogeneous
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population of tryptase isoforms, each with its own values ofKm and k
c&t , was examined by mathematical

modeling. In this model, each isoform was assumed to be independent of all other isoforms and to obey

simple Michaelis-Menten kinetics (Eqn 1) :

v

__
t»6 (1)

A range of values were chosen for k
p
E

;

. and Kmi , and v and s/v were calculated. If all forms had the

sameKm but different concentrations or k
CQi

values, then the Hanes* plot was linear (r
2 = 1 .0000),

yielding the input value ofKm as Km and a weighted average of the input values ofk
QdX

as the computed

value of£
cat

(case 1 of Fig. 8AS). If each form had a different value ofKm ,
however, although the

Hanes' plot might appear linear (e.g. case 2 of Fig. 8A®), r
2 was not unity and a plot of residuals

indicated that the Hanes' plot was a curve concave downwards (Fig. 8BEE3). This curvature could be made

more readily apparent by altering [E
;
.] values as well as m̂/

. values (case 4 of Fig. 8As). In all cases

modeled, the curve was concave downwards, never upwards as most deviations from linearity were with

tryptase. This shape of curve for multiple forms of an enzyme is in agreement with that previously

reported for a binary mixture [51 and references cited therein].

View larger version

(14K):

[in this window]

[in a new window]

Fig. 8. Mathematical modeling of the behavior of a mixture of

isoforms of an enzyme.(A) Hanes plot of a theoretical mixture of 5

isoforms of an enzyme for the following cases: (1) [El] = [E2] = [E3] =

[E4] =[E5]; *ml =Km2 = Km3 =Km4 =Km5 , < k
cat2

< *
cat3

< *
cat4

<

(2) [El] = DE2] = [E3] = [E4] = [E5]; *ml > Km2 > Km3 > Km4 >
Km5> *catl

"
*cat2

=
*cat3

=
*cat4

=^ (3 >™ =™ = P®] = P*) =

P5
]' *ml >Km2 >Km3 > Km4 >Km5> *catl

<
*cat2

<
*cat3

K
*cat4 < k

cat5>

(4) [El] > [E2] > [E3] > [E4] > [E5]; *ml >Km2 >Km3 > *m4 > *m5 ;

*catl
=

*cat2
=

*cat3
= k

cat4
=

*cat5- (B) Plot of the standardized residuals

for a linear regression fit to the data generated by case 2 above.

In order to determine whether the curve of the Hanes' plot ofthis model could ever be concave upwards,

the general case was considered. For n independent forms of an enzyme, each with its own values ofKm ,
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k
cat

and concentration and obeying Michaelis-Menten kinetics, the Hanes 1

plot takes the form

8 8& * am-ia*"4 4- aw^aar*~* + h aaa
2

ats + ftp

v
~~

bn~%sP~ 1 f b^ass**"** -f — -4- bgs2 <f bis 4- ho (2)

where a
7
. and b

;

. are derived from the input parameters.

At s = 0,

v bo

where a
0
=*ml*m2Km3 ... Kmn and b0

=
(Km2Km3 ... Kmn) + k

2
E
2
(KmlKm3 ... Kmn) + ... + *£.

(*ml*m3- "
K
mi-l
Kmi+l - *mw)

+ - + k
n
E
J-
KmlKm3 - *m«-l)

This simplifies to

V ^+*$jf4- * (3)

At very large values of s, the Hanes1

equation approaches

8 8
A + ar4 „.,iS

,Vwl

v bn-ts'

s art....i

~r
hn ~l hn^l (4)

where a
w l

= EATm/ and b
w_j

= E£.E..

Thus, the curve for the Hanes plot asymptotically approaches a line which has as its slope l/(sum of the

Fmax values for each isoform) and a.y-intercept which can be rewritten

* 1

v rfe^T&^ ~ (5)

The Hanes curve can only ever be concave upwards if its value at x = 0 is greater than the ^-intercept of
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the asymptote. Comparison of the terms in the denominators ofEqns 3 and 5 shows that for positive

values ofKmi , the terms of the denominator ofEqn 5 will always be less than the corresponding terms in

Eqn 3 . As the number of terms is the same for both equations, the value of the ^-intercept for the

asymptote will always be greater than the value of the Hanes curve at x = 0. Therefore, for real enzymes,

which can only have positive values ofK
9
the presence of a multiplicity of isoforms, each obeying

Michaelis-Menten kinetics, can not mimic the behavior of a single form displaying sigmoidal kinetics or

substrate inhibition.

However, a multiplicity of isoforms could account for the behavior of tryptase LI with d-Pro-Phe-Arg-

NH-Np (Fig. 7D,H£]). The data for this substrate-isolate pair did fit to a two-enzyme model, but the

iteration converged on an unrealistically high value forKm for the second enzyme (42 000 mm).

Alternatively, if the second enzyme was treated as being in the linear range (as was observed with <Glu-

Gly-Arg-NH-Np), a very good fit was obtained, withKm and VmaK values of 0.20 mm and 1.14 s"
1

,

respectively, for the first enzyme, and a Vm2JKm ratio of 187 s'^m" 1
for the second enzyme. (V

mESK9

rather than £
cat, values pertain in this case, as the model does not resolve the relative proportions of the

two enzymes.)

pH profile

The activity of lung (LI) and skin (SI) tryptase over a pH range of 4.0-10.5 was determined using

<Glu-Pro-Arg-NH-Np as substrate, both in the presence (100 jig-mL"
1

) and absence of heparin

(molecular mass range of 13-15 kDa) (Fig. 9(H). There was no apparent difference between the two

isolates. For both isolates, heparin had little effect, except at pH 10.0, where it offered some degree of

stabilization. In the presence of heparin at this pH, the progress curves showed an exponential loss of

activity with a half-life of 3.3 and 3.8 min for lung and skin tryptases, respectively. In the absence of

heparin at this pH, activity was almost completely lost during the interval between addition of substrate

and the first reading (1 min). At pH values < 9.5, all progress curves were linear throughout the course of

the assay (14 min), whether or not heparin was present.

View larger version (20K):

[in this window]
[in a new window]

Fig. 9. pH profile of human skin and lung tryptase in the

presence and absence of heparin. () skin tryptase, no

heparin () skin tryptase +100 ng-mL"
1
heparin (•) lung

tryptase, no heparin (O) lung tryptase +100 ^ig-mL"
1
heparin.
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Discussion

We have found human tryptase to be highly heterogeneous in size, charge

and activity, and that differences are related not just to the tissue source, but

also to the individual from whom cells were collected or from whom the

enzyme was purified. Lectin-binding and glycosidase studies have shown that

differences in glycosylation contribute significantly to this

microheterogeneity in size and charge, but the present evidence does not rule out a possible contribution

from multiple alleles or genes. The chemical basis for the marked differences in activity and kinetic

behavior was not ascertained, but mathematical modeling ruled out the possibility that such diversity

could arise through a mixture of isoforms obeying hyperbolic kinetics, but with differing values ofKm
and*

car
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The results of our 2D gel studies are in agreement with and extend the findings of Benyon et al [20],

who examined lysates of skin mast cells. We also observed a similar degree of microheterogeneity in

mast cells isolated from lung and in tryptase purified from both sources. This technique gave a clear

separation of different forms of tryptase on the basis of isoelectric point (the first dimension), but not on

the basis of size. Rather, a gradation was seen between the lower and higher molecular mass forms of

tryptase of similar isoelectric point. A situation analogous to that observed with one dimensional gel

electrophoresis, in which two [ 16,17 ] or more [18] distinct forms differing in size by 2-4 kDa were

resolved, was not seen using the more sensitive procedure. There was some association between pi and

molecular mass. With declining pi, the size of tryptase monomers showed a gradual increase, consistent

with a correlation between the degree of sialylation and size/number ofN-linked oligosaccharides.

The results of the lectin-binding studies together with the effects of treatment with neuraminidase and

PNGase F indicate that much of the heterogeneity is due to differences in glycosylation. All spots which

reacted with the antitryptase antibody AA5 also reacted with one or more lectins, with the possible

exception of the lowest molecular mass spots for both lung tryptase (29 ±1.5 kDa) and skin tryptase (29

± 2.4 kDa), which had masses similar to those calculated from the amino acid sequence (approximately

27.5 kDa)
[
26-28]. However, these low molecular mass forms appear to be present in only small

quantities in the preparations, suggesting that most tryptase is glycosylated, utilizing either one or both

potential N-glycosylation sites. Tryptases &
9
lh, and an allelic variant of Pn have two such sites

[26,28,38], while Pni and the reference sequence for Pn have only one [27,28 ]. The site common to all

tryptases (Asnl94) occurs in a consensus Asn-X-Thr sequence, while the additional site (Asn99) is

present in an Asn-X-Ser sequence. Efficiency of glycosylation at any particular site is dependent on a

^ number ofpossible factors [52], but the identity of the third amino acid in the consensus sequence is one

of them. Sequences with serine in the third position tend to be less efficiently utilized than those with

threonine. Site-directed mutagenesis studies with antithrombin HI showed that substitution of the native

Ser at one site with Thr improved the extent of glycosylation and, conversely, replacement of native Thr

with a Ser decreased the efficiency of glycosylation at most, but not all, of the other sites [52]. Whether

Asn99 is less efficiently used than Asnl94 would require further investigation, but partial glycosylation
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at this site could account for some of the heterogeneity seen.

Treatments with PNGase F reduced the range of both molecular mass and pi values, but did not reduce

tryptase to a single spot on 2D blots, probably because the deglycosylation reaction did not go to

completion, as indicated by the continued reaction with lectin. A reduction in the molecular mass

following PNGase F treatment has been reported previously with skin (31-36 to 30 kDa) [20], and

pituitary tryptase (32.4-36.3 to 32.4 kDa) [18]. It is not clear why a decrease in the size of lung tryptase

with PNGase F treatment has not been observed by other workers [ 16.18 ]. Treatment of tryptase with

neuraminidase, which removes sialic acid residues, resulted in a smaller, but significant, reduction in

molecular mass. As the sialic acid residue has a formula mass of 291 Da, these results would suggest

extensive sialylation of the tryptase molecule.

Lectin binding studies provide additional evidence for extensive sialylation as indicated by the strong

reaction with SNA/MAA. Mannose is also present in most isoforms of tryptase as shown by reaction

with Con A. Although Con A binds strongly to high-mannose type of oligosaccharide, it also binds to

relatively small complex-type structures with a low degree of branching [45.46]. Lectin histochemical

studies have indicated that the high-mannose type was not a major class in mast cell granules because of

the lack of an effect of a-mannosidase on the binding of Con A [53]. This would suggest that tryptase,

the major granular constituent, is not a high mannose type of glycoprotein, and that positive staining

achieved with Con A may reflect the presence of mannose only in the backbone of complex-type

oligosaccharides with a low degree of branching. The failure ofPHA-L to bind to tryptase provides

further evidence for a low degree of branching [49.50]. The presence of complex-type carbohydrates is

supported by the reaction with WGA, which can bind Af-acetyl-d-glucosamine residues, but can also

bind some sialyl residues [47.48].

The present evidence does not rule out a possible contribution to the observed heterogeneity from

multiple genes or alleles. On the basis of the two-locus model proposed by Soto and coworkers [34],

allelic variation at the first locus between <* and Pi, and at the second locus between Pn and Pin, would

give rise to nine possible genotypes (owPllPn, <mPnPm, aaPmPm, aPlPnPn, c^lPnPni, aPlPmPm, Pi

PlPnPn, PlPlPnPm, PlPlPmPni). Additional complexity is generated by the existence of numerous

SNPs for both tryptase loci, including six amino acid variants and two frameshift mutants for Pn-

tryptase and six amino acid variants for a-tryptase [38]. The antitryptase antibody used in this study

reacts equally well with both <*- and Pll-tryptase [54], and in view of the very high homology between

the P-tryptases, would be expected to cross-react readily with Pi and Pffl as well, and probably with

most SNPs. Therefore, any or all of these genetic variants could be contributing to the observed

heterogeneity. However, a comparison of immunoassays, which differ in their affinity for a-tryptase but

have similar_^mtiesjqr P-tryptase, suggested that a-tryptase is^constitutively secreted whilst P-tryptase

is stored in the granules of developing mast cells [36]. In support of this scheme is the delineation of a

possible mechanism for sorting the a- and P-proenzymes to different post-Golgi pathways [37]. If this

were indeed the case, and e*-tryptase made a negligible contribution to the observed heterogeneity,

examination of the above genotypes indicates that there would still be ample scope for a genetic

contribution to the microheterogeneity within any particular sample and also to the diversity seen
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between different samples.

The reported crystal structure of this enzyme [23] does not shed any light on the degree or nature of its

glycosylation as the oligosaccharide chains were not seen, presumably because the heterogeneity in

carbohydrate structure was 'seen' as disorder. However, examination of the crystal structure (ref 1AOL)

through the website http://oca.ebi. ac.uk and firstglance software showed the potential N-glycosylation

sites Asnl94 (Asn204 by chymotrypsinogen numbering) and Asn99 (Lysl 12 in the structure of Pereira

et ah) are exposed on the surface of the enzyme along the outer edge of the ring formed by the tetramer

(Fig. 10S) where they might be expected to be readily accessible to oligosaccharide transfer from

dolichol pyrophosphate. These putative glycosylation sites are well away from the central pore

containing the active sites, so are unlikely to cause steric hindrance with any substrate. They are also

away from the putative heparin-binding site, a region of positive surface charge extending along the left-

and right-hand sides of the ring in Fig. 10AS[23]. This region is comprised of five histidines, nine

lysines, and four arginines in each subunit. The pH profile data suggest that as the pH increases, there is

still sufficient protonation of the lysines at pH 10, along with the fully protonated arginines, to interact

with the heparin to delay inactivation of the enzyme, but by pH 10.5, too many of the lysine residues

have become deprotonated for heparin to afford any stability.

mm

View larger version

(65K):

[in this window]

Tin a new window]

Fig. 10. Three-dimensional structure of tryptase [23] indicating

positions of potential N-glycosylation sites. Structure viewed at

http://oca.ebi. ac.uk using a netscape browser and firstglance

software. (A) View showing tetrameric structure and the central pore

containing the four active sites. (B) Orthogonal view of top of the

ring structure shown in (A). Color code is black, peptide backbone;

grey, nonpolar residues; pink, uncharged polar residues; red, acidic

residues; and purple, basic residues. Tryptases &, Pi, and an allelic

variant of Pn [38] have an asparagine at position 99, while Pni and

the reference sequence for Pn have a lysine. All isoforms have an

asparagine at position 194.

Although there were broad similarities in the range of pi expressed and in the patterns obtained as well

as significant variation between donors, consistent differences did emerge between lung and skin

tryptase. Lung tryptase exhibited a narrower range of molecular masses than did skin tryptase on 2D

gels, which suggests a narrower size distribution in the associated oligosaccharides. Differences in

composition of these carbohydrates were also suggested by differences in staining intensity in lectin

binding studies. The lectins SNA/MAA appeared to have a higher affinity for skin tryptase than for lung

tryptase. In contrast, the lectinWGA seemed to have a higher affinity for the isoforms found in lung

than those in skin. This may indicate that tryptase in skin mast cells may have higher degree of
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sialylation whilst tryptase in lung mast cells may have more terminal N-acetylglucosamine residues.

These differences in physicochemical properties between tryptase from different anatomical sites could

reflect important differences in function, such as turnover, targeting, and activity. The nature of the

factors controlling post-translational modification remains to be elucidated, but are likely to be affected

by local environmental conditions and by mast cell phenotype. Disease state might also affect these

processes with important implications for the pathogenesis of allergic diseases.

Other differences observed on 2D gels between the lysates of lung and skin mast cells include the

relative abundance of degraded and oligomeric forms of tryptase. Although breakdown products of

tryptase were observed in preparations from both sources of tissue investigated, they were detected more

frequently in skin preparations (eight out of 12 lysates) than in lung preparations (four out of 10 lysates),

which suggests that either skin tryptase is more easily degraded or skin mast cells contain higher amount

of a protease which can degrade it. As most preparations of purified tryptase did not contain any

breakdown products, it is unlikely that these spots are the result of autodigestion. It is perhaps relevant

that lysates of mast cells isolated from skin contain tenfold higher levels of chymotryptic activity than do

purified lung mast cells [55]. One very likely explanation for the appearance of dimeric, trimeric and

tetrameric forms of tryptase is that sulfydryl groups reduced during sample preparation are re-oxidized

during electrophoresis in the first dimension to form intersubunit disulfide bonds. However, when all

samples were subjected to the same conditions, it is not clear why such reoxidation would occur more

readily and to a greater extent in lysates of skin mast cells than in those of lung.

Previous comparisons of the activity of skin and lung tryptase appeared to have examined only one

preparation of each for any given substrate [21,25 ], with one group finding marked differences between

the two [21], the other finding negligible differences [25]. By examining more than one preparation of

each, we have found that differences between separate isolates from the same tissue can be greater than

those between isolates from different tissues. Not only did we find differences in relative activity and in

kinetic constants, e.g. a 16-fold difference inKm values for Bz-Arg-NH-Np between isolates LI and SI,

but we also found different kinetics between isolates towards the same substrate. The variety of kinetic

behavior was somewhat surprising, but not without precedent. Substrate inhibition, which was observed

for Z-d-Arg-Gly-Arg-NH-Np, has been previously reported for Z-Trp-Arg-SBzl [21]. This behavior

could perhaps be expected for Z-d-Arg-Gly-Arg-NH-Np, which could conceivably bind by either the PI

or the P3 argininyl residue to the SI binding pocket. Although binding via the P3 Arg could result in

cleavage ofthe substrate between residues P3 and P2, this reaction would go undetected, as the

chromophore would still be covalently linked to the peptide. Sigmoidal kinetics has been previously

reported, but in both studies, Michaelis-Menten kinetics were converted to sigmoidal kinetics by the

addition of an effector, either increasing concentrations of (NH4)2S04 or KC1 in the absence of heparin

^wi^Z-Gl^-PF^

of 1.31 with tosyl-Gly-Pro-Lys-NH-Np as substrate [56].

In conclusion, we have demonstrated differences in the microheterogeneity of tryptase from different

tissues and different donors and have presented evidence that much of this microheterogeneity can be

attributed to N-linked glycosylation. The differences observed in the kinetic properties of different
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preparations of purified tryptase strongly suggest that this microheterogeneity has a direct bearing on the

enzyme's behavior and this would have important ramifications for the understanding of

pathophysiological roles of this enzyme.
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Footnotes

Enzyme: serine protease tryptase (EC 3.4.21.59).

Note: a web site is available at http://w\vw.som,soton.ac.uk/research/rcmb/groups/mast-baso.htm
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